The adoption of solar photovoltaic systems is often constrained by various sociotechnical barriers. In this paper, we identify and differentiate barriers to photovoltaic among three groups of potential adopters in Hong Kong: individuals, businesses, and the public sector. A total of 55 interviews were conducted to collect the data for the study. The results indicate that the most important constraints were technical barriers such as space limitations and low energy output, followed by economic barriers such as high upfront costs and long payback periods. Furthermore, we found that individuals were the group most exposed to market, policy, and regulatory barriers and they had to contend with the highest number of barriers. Our analysis also illustrates that there was a close interrelationship between the barriers. For example, technical barriers, such as space limitations, could be overcome partially by addressing regulatory barriers. Based on the analysis, we formulate a number of policy recommendations. The results of this study could be useful to the government in its attempt to facilitate a sustainable energy transition in Hong Kong.
Introduction
Solar photovoltaic (PV) technologies have advanced tremendously over the last decade to become one of the most popular renewable energy options. The total global capacity of PV increased from only 6 GW in 2006 to 303 GW in 2016. Much of this growth has been in China, which features 77.4 GW of capacity by the end of 2016. 1 Yet, in Hong Kong, the diffusion of PV systems remains very low, with no meaningful installations other than a handful of demonstration projects. 2 This is quite paradoxical because the city has adequate sunlight, a developed economy, and a robust NGO sector that has been supportive of PV and other forms of renewable energy. It has been estimated that the PV electricity potential for Hong Kong can be as high as 6000 GWh annually, which is equal to approximately 14% of the electricity usage of Hong Kong. 3 Electricity generation in Hong Kong however remains dominated by coal combustion, which, in 2012, accounted for 53%, followed by 23% from nuclear power generation, and 22% from natural gas. 4 Renewable energy sources, including wind, solar, waste-to-energy, and biofuel contributed less than 1%. These data suggest that significant barriers are preventing the adoption of PV systems in Hong Kong.
Past studies have identified several barriers, such as a long payback period 5 and the lack of policy support, 6 are at work in Hong Kong. However, a systematic understanding of the most important barriers among the different sectors of society is lacking. Motivated by these rationales, this study aims to develop a nuanced understanding of the barriers to PV in Hong Kong. Two research questions are integral to this study. First, what are the most significant barriers to PV in Hong Kong? Second, which group of potential adopters experience the most barriers? This paper addresses these two questions by examining empirically the similarities and differences in the perceived barriers to PV among three groups of potential adopters (individuals, businesses, and the public sector), and highlights the importance of the findings from a policy perspective.
The rest of this paper proceeds as follows. The next section reviews the literature. Then the following section explains the methodology of the empirical study. Then the results are presented. The last section discusses the implications of the findings, and, in conclusion, offers some policy recommendations.
Literature review
The adoption of renewable energy technologies has been conceptualized as a phenomenon of complex sociotechnical transitions. Technical, economic, social, cultural, historical, and political factors may all play a role in shaping the transition from conventional, fossil-fuel-based systems to sustainable systems. [7] [8] [9] [10] [11] [12] From this holistic perspective, an array of different sociotechnical barriers to PV has been identified in the literature. These can be categorized into five classes.
The first class of barriers relates to technical and environmental constraints. Environmental barriers are mainly related to a lack of sunlight because of climate, latitude, and shading, the intermittency of solar radiation leading to the need to store electricity, and the role of high temperatures which negatively affect the performance of PV. [13] [14] [15] Technical constraints can be either external or internal. Common external technical barriers include a lack of suitable roof space; the building structure being too weak to support the additional weight of the PV, vulnerability to water ingress and the condensation created by humidity, and grid connection problems. [16] [17] [18] [19] Internal technical constraints include performance problems, the product lifespan, and the risk of technological obsolescence. [20] [21] [22] Economic and financial barriers comprise the second group. Economic barriers refer to the perception that PV projects are not viable because of capital and maintenance costs, grid connection costs, extended payback periods, rates of return, and the levelized costs of electricity. 13, 14, 18, 21, [23] [24] [25] [26] Whereas hardware costs-module prices in particular-have declined significantly, non-hardware, or "soft" costs-such as installation, permitting, inspection, interconnection, and financing costs-has declined much more slowly. The National Renewable Energy Laboratory (NREL) which conducts benchmarking surveys on the cost of PV systems in the United States, reported that in 2017 the total system cost was USD $2.8/W, and soft costs accounted for 68% of the total cost. 27 Furthermore, the operation and maintenance (O&M) costs-including cleaning, electrical system repairs, and replacing inverters (typically every 10-15 years) remain expensive, especially in countries where labor cost is high. 16 The NREL reports that the annual O&M expenses for residential PV are USD $21/kW. 27 Consequently, the economic competitiveness of PV compared with traditional fossil-fuel-based power and other forms of renewable energy, such as wind and hydropower, remains uncertain, and is dependent on local factors such as resource availability, electricity costs, and whether supportive policies are in place. 28 Financial barriers refer to the difficulties in obtaining loans from financial institutions. This barrier is commonly reported in developing countries with underdeveloped banking sectors such as Papua Guinea, 29 India, 14 and Nigeria. 13 The third class, market barriers, includes factors such as market failures or distortions, which lead to the absence of a robust PV market. This can manifest itself in a lack of access to quality products, logistical problems with distribution, and a lack of qualified technicians to install and maintain PV systems. 13, 19, 26, 29 A lack of product information, installation difficulties, and maintenance problems can also be deterrents. 15, 24 A split-incentive problem is associated with rental contracts, i.e. misaligned incentives that prevent both tenants and owners from implementing PV systems. Furthermore, the availability of cheap electricity because of various forms of subsidies for conventional electricity compounded by a lack of accountability for environmental and social externalities constitutes a significant common market barrier to adopting PV. 13, 14, 18, [30] [31] [32] Fourth, policy and regulatory factors are often important barriers to adopting PV. Inadequate support from the authorities, e.g., a lack of political commitment and supportive policies, along with poor policy implementation, in addition to resistance from vested interests (such as fossil-fuel-based power companies) have been slowing down the adoption of PV. 14, 22, 24, 25, 29, 33 Complex planning requirements and public approval processes can also inhibit PV adoption. 26 A lack of regulations on PV, such as no rating system or standards for PV systems, is problematic because it leads to limited consumer confidence. 34 The fifth category is social barriers, factors that have often been overlooked in the literature. 29 Insecurity is an important problem in some places as is the fear for or experience of the stealing or vandalizing of equipment. 29 Community concerns over aesthetics and the safety of PV are additional barriers to adopting PV. 24 In summary, whereas PV technologies are rapidly maturing, existing studies suggest that various interrelated barriers remain, impeding the sociotechnical transition to such sustainable technologies. However, most of these studies either focus on a specific sector or do not distinguish different sectors within a society in their analysis. While some studies have been aware of the possibility of cross-society differences on the perception of such barriers, few of them have explicitly compared them. Potential PV adopters are not a homogeneous group, and the different types of role players have to contend with different barriers. For example, businesses could understand barriers that differ markedly from those of individuals, which, in turn, could differ completely from that of the public sector. Without adequate knowledge of these differences in perception, it would be difficult to draft effective policies to promote the relevant sociotechnical transition. While the seemingly endless array of barriers identified in the literature can appear to be unsurmountable, it should be remembered that some barriers are more significant than others in terms of their reach and influence. Therefore, identifying barriers that are shared by different groups of role players can help focus the efforts of the authorities in promoting the adoption of renewable energies. Another benefit of developing a more differentiated understanding of such barriers is that it could indicate which sectors faced more barriers and therefore deserve more assistance from government.
Method
The data used in this study were obtained from 55 in-depth interviews with potential PV adopters, which were conducted between October 2015 and April 2016. We chose a qualitative approach because of two reasons. First, it can give a richer description of barriers to the adoption of PV, and the in-depth qualitative data allow us to not just identify but also explain the different perspectives on barriers. For example, while questionnaires can reveal that space limitation is an issue for both individuals living in a house and businesses occupying large buildings, interviews can illuminate why space would be an issue in such different settings. Second, we believe interviews provide results that are more valid, as it is an interactive process, where information can be provided to the respondents and the interviewers can ask for clarification from them.
Three groups of interviewees (individuals, businesses, and the public sector) were identified using theoretical sampling which is a qualitative sampling technique focusing on respondents with the potential to provide new insights. We interviewed 36 individuals (homeowners and tenants), 12 representatives from the public sector, and 7 business representatives. The sample size of individuals is larger to reflect the larger diversity within the group. All the individual interviewees were village house residents, except one who was a resident in a tenement building. These interviewees were chosen because people living in village houses were more likely than apartment dwellers to adopt PV and their views were therefore more relevant to this study. Among these individual interviewees, eight were identified as ''first-movers,'' as they were subscribers to a free solar energy assessment service provided by a local power company. The companies and public institutions we visited own their buildings or have access to and permission to use the rooftops, except one interviewee who has access to a spacious balcony. The interviews were conducted in person, with one being conducted by telephone, and most interviews were audio-recorded, or the responses were written down. We provided some information to the individual interviewees about a typical rooftop PV system, including the daily amount of electricity generated, the estimated cost of the system, the size of the panels, and how much space the system would need, as well as the payback periods. This information was provided to improve the validity of the study by giving respondents a basic understanding of PV to facilitate meaningful responses. We anticipated that such information would likely influence the respondents; therefore, in an effort to remain objective, we carefully prepared an accurate estimation of a typical rooftop system from the data we had obtained from industrial experts. Our estimation included the following factors. On estimate, six solar panels would be installed for a typical village house in Hong Kong, with a total capacity of 1560 W. The typical capacity factor in the city is approximately 11-12%; therefore, the annual electricity output was estimated at 1560 kWh. With an average electricity cost of HKD $1/kWh, this amounted to a saving of $1560 HKD annually, assuming that all the electricity produced by the units were consumed locally. The equipment cost of the system was estimated at $24,400, with $12,400 being for the solar panels and $12,000 for a singlephase inverter with transformer. The delivery and installation cost was estimated at $29,600. The total installation cost was therefore $54,000. The annual operating and maintenance cost was estimated at $255 using the NREL benchmark data. Using these data, the payback period of a typical PV system in Hong Kong was calculated at 41 years. This payback period is very long, and is mainly because of a lack of supportive policies, such as feed-in tariffs, and the relatively low electricity price. In comparison, the payback periods for PV systems in countries with policy support are typically no more than 10 years. 35 We did not provide similar information to interviewees from the commercial and public sectors because these respondents were typically more knowledgeable about PV. In fact, many of them have already considered PV and some have conducted feasibility studies. Secondly, it was more difficult for us to provide a typical installation estimate, as these role players and the nonresidential buildings they occupied were extremely diverse. We asked open-ended questions about the previous experience (if any) of the respondents with PV, their attitudes toward the technology, their views on various supportive policies, and their views on the barriers to adopting the technology, which is the main focus of this paper.
Results
Because of the interview approach, our analysis was conducted inductively rather than deductively. We identified 32 different barriers, which, together, were mentioned 203 times. These barriers were categorized into five types, namely, 11 technical and environmental barriers, 5 economic and financial barriers, 9 market barriers, 3 policy and regulatory barriers, and 4 social barriers. Table 1 lists the barriers classified into types and respondent groups. Figure 1 shows the frequency of the five types of barriers.
Technical and environmental barriers
Technical and environmental barriers were the factors most commonly mentioned by individual respondents (40.7%), businesses (43.5%), and the public sector (47.5%). In particular, the lack of space was the most frequently mentioned factor, with almost half of all respondents mentioning this barrier. This response reflects the ultra-high urban density of Hong Kong, where a lack of space results in not only a small building footprint but also a high rate of rooftop utilization. Individual respondents, who were mostly living in detached houses, frequently used their rooftop for entertainment and social purposes, as well as domestic uses, such as hanging out washing to dry (Figure 2) . Furthermore, commonly in Hong Kong, a village house would be cohabitated by multiple families, and, therefore, each household would only have access to a part of the roof area. The lack of space was also a prominent factor among businesses and the public sector, even though the buildings they occupied were typically much larger. The lack of rooftop space was particularly challenging for respondents from educational entities because their roof areas had to accommodate multiple teaching and research activities, such as urban gardening, playgrounds, sport facilities, and storage for scientific equipment.
Other commonly raised technical barriers were related to the perceived poor performance of PV. The small amount of electricity produced by a PV system, and its intermittency and unreliability, had been raised as a concern by all three groups. Several businesses and publicsector respondents had carried out feasibility analyses of PV and reported that the amount of electricity such a system could generate was insignificant compared with the large amount of electricity consumed in their daily operations. The concern over PV performance was not always linked to poor economic performance in the minds of the respondents. As one respondent noted, "it is not about money but the quality and performance of the solar panels." Additionally, environmental factors related to the performance problems were the unfavorable climate and the local air pollution levels. For example, one business respondent, whose company is located in a dusty industrial area, was concerned about the need to regularly cleaning the PV because of the accumulation of dust. In addition to these technical barriers, there were other concerns, e.g., that the building structure would not support the extra weight of the PV, the lifespan of the system, the perceived immaturity of the technology, and therefore it would be preferable to wait a while, and safety concerns. Overall, there were no major differences between the groups in terms of their perceptions on the technical and environmental barriers.
Economic and financial barriers
Economic and financial barriers were the second most common concern among the individuals (27.9%), businesses (30.4%), and the public sector (27.5%). While the upfront costs and the payback period were almost equally important to the individual respondents, the businesses and the public sector were more concerned about the payback periods. This response reflects the practice of payback periods being a commonly adopted financial tool by businesses to evaluate investment projects, and the fact that it is more difficult for individuals to pay the upfront costs of installation. The maintenance costs were less frequently mentioned as a barrier. When the respondents were questioned about acceptable payback periods, the answers typically ranged from 3 to 10 years. However, various companies perceive PV primarily as a way to demonstrate their green credentials and, therefore, were not as concerned about the lack of cost-effectiveness of PV systems. Similarly, some environmentally conscious individual respondents were not concerned about economic issues, as they were willing to pay a premium for the environmental benefits. To them, the environmental performance of PV systems is a more dominant consideration. A significant number of institutional respondents indicated that the economic factors were not as important as other barriers. These respondents were mainly from the government-funded public tertiary institutions, where the upfront costs of purchasing and installing PV could be financed through government grants. However, these role players were concerned about the cost of maintenance. The disparate views from the respondents explain why economic barriers were not as significant as technical barriers. Interestingly, no financial barriers were mentioned in the interviews, probably reflecting the highly developed financial sector in Hog Kong, which suggests little difficulty in securing loans.
Market barriers
Market barriers were the third most common concerns among individuals (16.4%), the public sector (15.0%), and businesses (13.0%). The individual respondents were the only group that indicated information barriers as a main concern, particularly with regard to the lack of information on the products, as well as the installation, grid connection, and maintenance of solar panels. For example, some respondents were unsure whether major renovation work had to be done to their dwelling before the PV system could be installed, whereas others were confused about how to purchase and install the system, as well as the legality of such action. Other than information barriers, we also found that tenants were particularly reluctant to invest in PV because of the fear that the landlord would increase the rent after the installation and, additionally, because of uncertainty over the length of the rental contract. Concern about this market barrier was shared by businesses who were renting the building spaces they occupied. A business respondent raised the concern that the building owners are likely to be skeptical towards installing PV due to poor appearance from outside the building.
Concerns over the technical difficulties of the installation, grid connections, and maintenance were other shared market barriers, although they were more frequently mentioned by individual respondents. This could be ascribed to many individual respondents intending to install and maintain the system themselves rather than employing a technical firm or an energy service company. The businesses and public-sector respondents who had some experience of PV highlighted the difficulties in connecting to the grid, mentioning that the two power supply companies in Hong Kong were reluctant to allow grid access to distributed PV systems. In addition, the public-sector respondents tended to identify broader market factors, such as the current low electricity prices and the monopoly of the electricity market.
Policy and regulatory barriers
Policy and regulatory barriers were commonly mentioned by individual respondents (13.6%), but were mentioned less often by businesses (4.4%) or the public sector (5.0%). Two concerns were raised, namely, first, a strong perception about the lack of policy support, mostly expressed by individuals, suggesting that this group was more dependent on support. In contrast, some business respondents expressed the view that policy support, such as feed-in tariffs, was not important in view of the insignificant resources the government could contribute. The second common concern in this category was the ambiguous regulations, mostly expressed by individuals. The perceived lack of clarity in the regulations relevant to PV created uncertainty and confusion among the potential adopters. For example, some respondents were unsure whether permits would have to be obtained to install PV, whereas others were concerned about how many and what types of PV installations were legal.
Rigid regulations are another important barrier. This concern was raised by a property developer who had unsuccessfully tried to incorporate PV into one of the building projects. To overcome the space limitation problem, the intention was to install PV above the rooftop equipment. However, the government argued that if the PV system were built above the roof level, the area covered by the system would be counted towards the total allowable gross floor area (GFA). Furthermore, because the PV system was not considered essential or a public service, the area occupied by the PV could not be included in a concession. As developers are not allowed to construct buildings that exceed the allowable GFA, this implied that the developer would have to give up an entire floor, which would have significant cost implications. As a result, the PV project was abandoned.
Social barriers
Social barriers were not frequently mentioned by the individual respondents (1.4%), the public sector (5.0%), or businesses (8.1%). The social issues raised by the individual respondents were mainly concerns over potential objections from neighbors regarding the appearance of the building, perceived negative health impacts, and the safety of the PV system. The main concern for the businesses and public-sector respondents was that reflections from the PV could affect neighboring residents, as these respondents typically occupied low-rise buildings that are surrounded by high-rise residential buildings.
Discussion and conclusion
Our interviews and analysis revealed a number of related barriers that exist to achieving the widespread adoption of PV. For example, a link was indicated between the problem of space limitation, which is a technical barrier, and rigid building regulations, which is a regulatory barrier. Therefore, addressing building regulation problems could, to a certain extent, alleviate the problem of the space limitation. Another example is that the economic barrier of the long payback period was related to low output (a technical barrier), local air pollution (an environmental barrier), low electricity price (a market barrier), and the lack of policy support (a policy barrier). The close relationship between the barriers is an important concern from a practical perspective, as the government would find it difficult to address the technical and economic limitations in the short term because of the efficiency limits and the cost of the product, which is often imported from overseas. On the other hand, market and policy barriers could be addressed by the government relatively easily and quickly. Therefore, to facilitate addressing the barriers to PV adoption, and, by extension, to other forms of renewable energy technologies, the government would need a clear understanding of such interrelations.
Another important insight from our analysis is that the barriers are being experienced both in similar and in different ways by the different groups of potential adopters. Technical barriers, such as the lack of space and the low power output of PV systems represent the most convergent barriers experienced by all the respondents. In addition, economic barriers are important shared concerns; however, a minority of respondents, such as large businesses, educational institutions, and environmentally conscious individuals do not consider these factors important. For business respondents, the payback period is the most important consideration, whereas for individuals, it is the upfront cost and the payback period. Market barriers, such as a lack of information on the products, installation, and maintenance, the diverging interests of tenants and building owners, and installation and maintenance difficulties are the main problems experienced by the individual role players. In contrast, rigid building regulations mainly affect businesses. Policy barriers in terms of lack of government support and ambiguous regulations are mainly individual concerns, as large businesses and public institutions do not consider help from the government as significant. Although social barriers are generally not regarded as important concerns, there is divergence among the different groups. Whereas individuals are mainly concerned about the aesthetics and perceived safety of the systems, the main concern of businesses and the public sector is the reflections from the PV units. Overall, individuals faced more barriers than businesses and the public sector. This nuanced understanding of the relevant barriers is significant in terms of policy formulation, as, in view of the limited resources available, such understanding enables the government to prioritize the common barriers, i.e. those that have to be addressed first. After dealing with the barriers affecting the whole society, the sector-specific barriers could be addressed with the aim of quickly promoting PV adoption among a subsection of the society.
From these general insights and in view of the specific information about the barriers, we suggest four policy recommendations to improve the development of PV in Hong Kong.
Updating and clarifying building regulations
There can be no doubt that the limited available space is the most significant barrier to the adoption of PV in Hong Kong. As Hong Kong is one of the most densely developed urban areas in the world, the rooftops of buildings are valuable spaces with a high utilization rate. Although this appears as a challenge with no quick policy solution, the government could consider encouraging developers and building owners to incorporate PV and other renewable energy generation facilities into their projects. This could be achieved by updating the GFA concession policy. Since 2001, the government has encouraged the adoption of sustainable features in building projects by exempting certain features from the gross floor area, such as communal sky gardens, balconies, and sunshades and reflectors. 36 The government could consider including renewable energy generation facilities in this exception list. In addition, updating and clarifying the building regulations are important for the individuals who are confused about the legal implications of installing PV systems.
Supportive policy
Other pressing concerns in Hong Kong are the poor economic performance of PV, especially the high upfront cost and the long payback period. Various policy instruments have been deployed around the world to address such economic concerns, including subsidies for purchasing solar panels, net metering, feed-in tariffs, low-interest loans or loan guarantees, and renewable portfolio standards. [37] [38] [39] [40] Without such policy support, PV is financially unattractive to both individual and institutional role players. International experience has shown that establishing feed-in tariffs has a significantly positive effect on the adoption of PV because it provides certainty over investment. However, the sustainability of the tariffs often depends on levying an electricity surcharge, which results in an increase in the electricity price. 35, [41] [42] [43] [44] Price has always been one of the main criteria in formulating the electricity policy and it is therefore of crucial concern to the government. However, the electricity tariffs of Hong Kong are low, which, in itself, is a market barrier to PV. The government could experiment with a pilot feed-in tariff scheme, limiting the number of application per year, and could establish income-based exemptions to electricity surcharges.
Information provision
As regards sector-specific barriers, lack of information is a common barrier, especially among individuals. Gathering accurate information is costly, and the government should make it easier for individuals to obtain such information. In addition to the conventional channels of information dissemination, an emerging approach is solar maps. Solar maps, such as the New York City Solar Map (nycsolarmap.com), are web-based, interactive, geographic information system (GIS) applications that provide users with an estimate of the solar potential of their roofs. 45 They are useful as a "one-stop shop'' for people who are interested in PV, providing potential users with an estimation of the costs and the benefits of installing PV.
Promoting energy service companies
Another approach the government could adopt to help individuals is promoting energy service companies (ESCOs). ESCOs are firms that not only provide the installation and maintenance of energy services but also arrange financing through energy performance contracting. For instance, ESCOs can install PV systems at little or no upfront cost to customers. In return, ESCOs collect a share of the savings in electricity after installation. Various examples overseas have shown that ESCOs can contribute to the diffusion of PV systems. 46, 47 In Hong Kong, the development of ESCOs is at the nascent stage and such companies face various challenges, including disputes over measurements and verification, the risk of payment default by the hosts after installation, underperformance, and long payback periods. 48 These challenges are not unique to Hong Kong and they can be addressed with the support of government. In addition to conventional fiscal-and subsidy-based support, the government could consider promoting the successful companies and providing back-up guarantees for ESCO projects.
